Objective: Preclinical data indicate that oxytocin, a hormone produced in the hypothalamus and secreted into the peripheral circulation, is anabolic to bone. Oxytocin knockout mice have severe osteoporosis, and administration of oxytocin improves bone microarchitecture in these mice. Data suggest that exercise may modify oxytocin secretion, but this has not been studied in athletes in relation to bone. We therefore investigated oxytocin secretion and its association with bone microarchitecture and strength in young female athletes. Design: Cross-sectional study of 45 females, 14-21 years (15 amenorrheic athletes (AA), 15 eumenorrheic athletes (EA), and 15 nonathletes (NA)), of comparable bone age and BMI. Methods: We used high-resolution peripheral quantitative CT to assess bone microarchitecture and finite element analysis to estimate bone strength at the weight-bearing distal tibia and non-weightbearing ultradistal radius. Serum samples were obtained every 60 min, 2300-0700 h, and pooled for an integrated measure of nocturnal oxytocin secretion. Midnight and 0700 h samples were used to assess diurnal variation of oxytocin. Results: Nocturnal oxytocin levels were lower in AA and EA than in NA. After controlling for estradiol, the difference in nocturnal oxytocin between AA and NA remained significant. Midnight and 0700 h oxytocin levels did not differ between groups. At the tibia and radius, AA had impaired microarchitecture compared with NA. In AA, nocturnal oxytocin correlated strongly with trabecular and cortical microarchitecture, particularly at the non-weight-bearing radius. In regression models that include known predictors of microarchitecture in AA, oxytocin accounted for a substantial portion of the variability in microarchitectural and strength parameters. Conclusions: Nocturnal oxytocin secretion is low in AA compared with NA and associated with sitedependent microarchitectural parameters. Oxytocin may contribute to hypoestrogenemic bone loss in AA.
Introduction
Oxytocin is a nine-amino acid peptide hormone produced in the supraoptic and paraventricular nuclei of the hypothalamus that is secreted in the brain and via the posterior pituitary gland to the circulation. Preclinical data indicate that oxytocin is anabolic to bone (1, 2) . Oxytocin knockout mice have severe osteoporosis, and administration of oxytocin increases osteoblastic bone formation and improves microarchitecture, consistent with an anabolic effect of this hormone on bone (1) .
Exercise-induced hypothalamic amenorrhea results in low bone mass, despite the known beneficial effects of weight-bearing exercise on bone (3, 4) . Our group recently reported impaired bone microarchitecture as assessed by high-resolution peripheral quantitative computed tomography (HR-pQCT) (3) and lower bone strength as estimated using applied finite element analysis (5) in normal-weight amenorrheic athletes (AA) compared with eumenorrheic athletes (EA) and nonathletes (NA). Although there is evidence that oxytocin may increase acutely after some types of exercise, baseline unstimulated oxytocin secretion in athletes is not well defined (6, 7, 8, 9) . A measure of unstimulated oxytocin secretion, such as integrated nocturnal levels, would be particularly important to examine in relation to bone parameters, which could be modulated by chronic exposure to this anabolic hormone. Estradiol stimulates oxytocin secretion; we therefore hypothesized that nocturnal oxytocin secretion would be low in hypoestrogenemic AA compared with EA and nonathletic controls. We also hypothesized that oxytocin deficiency may mediate hypoestrogenemic bone loss and therefore expected low nocturnal oxytocin in AA to be associated with impaired bone microarchitecture and strength parameters.
Subjects and methods

Subjects
We enrolled 45 adolescents and young adult women (15 AA, 15 EA, and 15 NA) between 14 and 21 years for this study. Clinical characteristics, bone microarchitecture parameters, and finite element analysis have been previously reported (3, 5) . However, oxytocin levels and the relationship between oxytocin secretion and bone parameters have not been reported. All study participants were recruited from the community through advertisements and referrals from health care providers.
We defined amenorrhea as absence of menses for 3 months within a 6-month period of oligoamenorrhea (cycle length O6 weeks) or absence of menses at R16 years. We defined EA as those who had had R9 menses in the previous year. Inclusion criteria for athletes included at least 4 h of aerobic weight-bearing activity or 20 miles of running weekly for the preceding 6 months. Inclusion criteria for NA included !2 h/week of weight-bearing activities. The study was approved by the Institutional Review Board of the Partners HealthCare system. Informed consent was obtained from subjects at least 18 years old and parents of subjects younger than 18 years. Informed assent was obtained from subjects younger than 18 years.
Experimental protocol
Subjects were seen in the Clinical Research Center of Massachusetts General Hospital. The screening visit included a history and physical examination, and laboratories to rule out conditions other than excessive exercise accompanied by inadequate caloric intake that may cause hypothalamic amenorrhea. We thus ruled out hyperprolactinemia, primary ovarian failure, polycystic ovarian syndrome, and hypothyroidism. No subject had received medications known to impact bone metabolism (other than calcium and vitamin D supplements) within 3 months of the study.
Qualifying subjects were admitted for an overnight stay, which included a history and physical examination, 4-day food log, bone age assessment using the methods of Greulich & Pyle (10) , and q 60-min frequent blood sampling overnight between 2300 and 0700 h for oxytocin. Serum samples were stored at K80 8C. Overnight hourly serum samples from each individual were pooled and then run as a single sample for average oxytocin levels. Midnight and 0700 h samples were used to assess diurnal variation. EA and NA were assessed in the early to mid follicular phase of their cycles (based on menstrual history).
Measurement of bone microarchitecture
HR-pQCT was used to measure volumetric density, morphology, and microarchitecture at the ultradistal radius and tibia (XtremeCT, Scanco Medical AG, Bassersdorf, Switzerland) with an isotropic voxel size of 82 mm (3, 11) . Measurements were performed at the non-dominant wrist and leg unless there was a history of fracture, in which case the non-fractured side was measured. Outcome variables computed by automated analysis included area and volumetric density for total, trabecular, and cortical regions; cortical thickness and perimeter (12) ; and trabecular number, thickness, and separation. The precision is 0.7-1.5% for densities and 2.5-4.4% for trabecular and cortical architecture. Effective radiation dose was 0.027 mSv.
Finite element analysis
Linear micro-finite element analysis was used to calculate apparent biomechanical properties under uniaxial compression as described previously (13, 14, 15) . Stiffness (kN/m) and load fraction carried by the proximal and distal cortical and trabecular compartments (%) were calculated. Failure load (kN) was estimated per previously published methods (15) .
Biochemical analysis
Oxytocin was measured in unextracted serum by ELISA (Assay Designs, Inc., Ann Arbor, MI, USA). Samples from all study subjects were run at the same time. The lowest calibrator for this competitive ELISA is 15.6 pg/ml. The procedure was performed manually according to manufacturer instructions and as reported by others (16, 17, 18, 19, 20, 21) . Plates were read at optical density of 405 nm, with correction between 570 and 590, and data calculations were done automatically using an automated ELISA platform (Triturus, Diagnostic Grifols, Barcelona, Spain). The limit of detection (lowest dose distinguishable from zero -3 S.D.) was 7.0 pg/ml. Recovery based on dilution linearity (dFZ1.0, 0.8, 0.6, 0.4) of a pooled serum containing 360 pg/ml oxytocin (based on the unextracted assay of undiluted specimen, dFZ1.0) was 103% (range 100-109). While a large pool of serum read roughly tenfold lower when tested after extraction, individual study specimens showed only a roughly twofold difference and values obtained before and after extraction were highly correlated (rZ1.00). Testing of unextracted specimens was monitored using in-house frozen quality control sera pools. The interassay coefficient of variations (CV) are 7.3, 10.1, and 8.7% for quality control sera containing 30, 371, and 508 pg/ml respectively. Fasting morning serum estradiol levels were measured using an ultrasensitive ELISA (Alpco, Salem, NH, USA; lower limit of detection 1.399 pg/ml, interassay CV 7.6%).
Statistical analysis
JMP Statistical Discoveries (version 9.0; SAS Institute, Inc., Cary, NC, USA) was used for statistical analyses. Hormone levels were not normally distributed and were therefore log-transformed before analysis. Clinical characteristics, hormone levels, and bone parameters were compared using overall ANOVA; variables that were significantly different were then compared by Fisher's least significant difference test. Within-group comparisons of hormone levels at different timepoints were made using the two-sided paired t-test. Linear regression analyses were used to investigate the relationships between oxytocin secretion and bone parameters. Multivariate least-square analyses were constructed to control for potential confounders.
Stepwise regression analyses were performed to further investigate determinants of bone parameters. Statistical significance was defined as a two-tailed P value !0.05. Data are reported as meanGS.E.M.
Results
Subject characteristics
Subject characteristics are presented in Table 1 . Bone age (17.6G0.1 years) and BMI (21.6G0.3 kg/m 2 ) were comparable between groups. Mean age of menarche was later for AA compared with EA and NA. Selfreported caloric, calcium, and vitamin D intake did not differ between groups.
Oxytocin and estradiol secretion
Hormone levels are included in Table 1 . Mean nocturnal oxytocin levels were lower in AA and EA compared with NA but comparable between AA and EA ( Fig. 1 ). Mean midnight and 0700 h oxytocin levels did not differ between groups. There was no evidence of diurnal variation in oxytocin levels, as assessed by the difference between midnight and 0700 h samples, in any of the groups. Across groups, midnight and 0700 h oxytocin levels were highly correlated (rZ0.88, P!0.0001). Associations between nocturnal oxytocin secretion and midnight (rZ0.34, PZ0.02) as well as 0700 h (rZ0.25, PZ0.095) oxytocin samples were less pronounced. Mean estradiol levels did not significantly differ between groups, likely because blood was drawn during the first 10 days of the menstrual cycle in EA and NA, when estradiol levels are low. There was an association between estradiol and nocturnal oxytocin levels (rZ0.40, PZ0.006). After controlling for serum estradiol levels, oxytocin differences between AA and NA remained significant (PZ0.0001), and those between EA and NA became a trend (PZ0.08). Table 1 summarizes between-group differences in bone microarchitecture and finite element analysis. At the distal tibia, AA compared with NA had higher %trabecular area and trabecular separation and lower trabecular number, %cortical area, and total density. At the distal radius, AA had higher %trabecular area and lower trabecular density, %cortical area, and cortical thickness than NA. Finite element analysis demonstrated lower estimated stiffness and failure load at the ultradistal radius in AA compared with NA.
Bone microarchitecture and finite element analysis
Relationship between oxytocin secretion and bone parameters
Amenorrheic athletes Table 2 and (3), oxytocin accounted for a substantial portion of variability in microarchitecture, including, at the distal tibia, cortical density (25%), and at the distal radius, %trabecular area (38%), trabecular thickness (23%), %cortical area (39%), cortical density (31%), cortical thickness (42%), stiffness (47%), and failure load (44%). Midnight oxytocin levels were positively correlated with stiffness and failure load at the radius (rZ0.61, PZ0.02; rZ0.60, PZ0.02), and 0700 h oxytocin levels were associated with stiffness and failure load at the tibia (rZ0.53, PZ0.04 and rZ0.58, PZ0.02 respectively) and radius (rZ0.66, PZ0.007 and rZ0.65, PZ0.008 respectively) in AA, independent of age. When midnight oxytocin levels were entered into a stepwise regression model with bone age, age of menarche, and lean body mass, oxytocin accounted for variability in stiffness (40%) and failure load (40%) at the radius. When 0700 h oxytocin levels were substituted for midnight oxytocin in this model, oxytocin accounted for variability in stiffness and failure load at the radius (42 and 40% respectively) and tibia (33 and 39% respectively).
EA and NA Other than a positive correlation between midnight oxytocin and cortical perimeter at the radius (rZ0.59, PZ0.02), there were no significant correlations between oxytocin levels and bone parameters at either site in EA. When midnight oxytocin levels were entered into a stepwise regression model with bone age, age of menarche, and lean body mass, oxytocin did not account for a significant portion of variability in cortical perimeter at the radius in EA. In NA, nocturnal oxytocin secretion was positively associated with trabecular number (rZ0.55, PZ0.03) and negatively with trabecular separation (rZK0.53, PZ0.04) at the distal tibia only. These relationships remained significant after controlling for age. There were no significant relationships between midnight or 0700 h oxytocin levels and bone parameters in NA. When nocturnal oxytocin levels were entered into a stepwise regression model with bone age, age of menarche, and lean body mass in NA, oxytocin accounted for 30% of the variability in trabecular number and 28% of variability in trabecular separation at the distal tibia. Table 2 presents correlations between nocturnal oxytocin secretion and bone parameters. In all subjects, at the distal tibia, nocturnal oxytocin secretion was positively associated with trabecular number (rZ0.32, PZ0.03) and negatively with trabecular separation (rZK0.30, PZ0.04). At the distal radius, nocturnal oxytocin was associated with %cortical area (rZ0.30, PZ0.04) and cortical thickness (rZ0.30, PZ0.04). There were positive correlations between nocturnal oxytocin secretion and estimated stiffness (rZ0.33, PZ0.03) and failure load (rZ0.31, PZ0.04) at the distal radius. Results were similar after controlling for age. When nocturnal oxytocin levels were entered into a stepwise regression model with bone age, age of menarche, and lean body mass, oxytocin accounted for 11% of the variability in trabecular number and 6% of variability in trabecular separation at the distal tibia.
All subjects
Midnight oxytocin levels were positively associated with cortical perimeter (PZ0.31, rZ0.04), stiffness (rZ0.36, PZ0.02), and failure load (rZ0.37, PZ0.01) at the radius. When midnight oxytocin levels were entered into a stepwise regression model with bone age, age of menarche, and lean body mass, oxytocin did not account for variability in cortical perimeter, stiffness, or failure load at the radius. 0700 h oxytocin levels were associated with stiffness (rZ0.34, PZ0.02) and failure load (rZ0.35, PZ0.02) at the radius. When 0700 h oxytocin levels were entered into a stepwise regression model with bone age, age of menarche, and lean body mass, oxytocin did not account for variability in stiffness or failure load at the radius. 
Discussion
We report low nocturnal secretion of the bone anabolic hormone, oxytocin, in AA, associated with impaired bone microarchitecture. This relationship involves both trabecular and cortical bone parameters and is most pronounced at the non-weight-bearing radius, a site where the beneficial effects of weight-bearing exercise are absent. In stepwise regression models that included known contributors to bone microarchitecture in young women (3), including bone age, age of menarche, and lean body mass, oxytocin accounted for a substantial portion of variability in bone microarchitecture and strength parameters. These data suggest that in the setting of estrogen deficiency, low oxytocin secretion may contribute to severity of bone loss and decreased structural integrity of bone in athletes.
There are few available data on oxytocin secretion in athletes, and studies to date have investigated only the acute response in oxytocin secretion to an exercise challenge, with discrepant results (6, 7, 8, 9) . Altemus et al. (6) reported no change in oxytocin secretion following treadmill testing to exhaustion in 20 young post partum women of varying physical conditioning whether or not they were lactating. A study of 82 male and female ultramarathon runners showed a significant increase in oxytocin levels after a 56 km race compared with levels measured within the hour before the start of the race (7) . In a subset of seven runners, although an increase in oxytocin levels following the ultramarathon was evident, there was no significant change in oxytocin levels following high-intensity or steady-state (60% of peak capacity) treadmill exercise (8) . Only one study has compared oxytocin levels in athletes to NA, and females were not investigated. In this study of 12 professional male cyclists and ten sedentary controls, oxytocin levels did not increase after exercising to exhaustion on a cycle ergometer in either group. However, oxytocin levels before, during, and after exercise were lower in the athletes compared with the nonathletic men (9) .
To our knowledge, ours is the first study to examine endogenous oxytocin secretion in female athletes compared with nonathletic controls. Furthermore, this is the only investigation to date looking at an integrated measure of unstimulated oxytocin secretion in athletes. In amenorrheic and EA, we found that nocturnal oxytocin secretion was decreased compared with healthy NA. Importantly, the difference in oxytocin secretion between AA and NA was independent of estradiol levels. In contrast, the difference in oxytocin secretion in EA compared with NA was no longer significant after controlling for estradiol. This study suggests that athletic young women in general may have decreased nocturnal oxytocin secretion compared with NA; however, as estradiol stimulates oxytocin secretion, it is possible that slight differences in menstrual phase contribute to the lower oxytocin levels seen in the EA. Therefore, further investigation will be important to determine whether oxytocin secretion is altered in EA, or just those with amenorrhea. Whether there is a diurnal variation of oxytocin in women has not been clearly established. We did not find evidence of diurnal variation in oxytocin secretion, consistent with prior findings in two small studies of healthy individuals (22, 23) .
There is a growing body of literature indicating that oxytocin is beneficial to bone. Oxytocin receptors are present on human osteoblasts and osteoclasts (1, 24, 25) . Oxytocin promotes differentiation of bone marrow cells from adipocyte to osteoblast lineage and stimulates proliferation of osteoblasts and preosteoclasts in culture (2, 24) . Oxytocin and oxytocin receptor knockout mice have severe osteoporosis (1, 2) . Peripheral oxytocin administration to animal models of osteoporosis, including oxytocin knockouts and ovariectomized mice, increases osteoblastic bone formation and improves microarchitecture (1, 2) . Recent studies have shown that osteoblasts can produce oxytocin, regulated positively by estradiol or negatively through adrenergic input (26, 27) . There are few studies reporting oxytocin secretion in relation to bone loss in humans. In postmenopausal women, one group found lower fasting morning oxytocin levels in those with osteoporosis compared with those without, and a positive association between oxytocin levels and bone mineral density independent of estradiol (2, 28) . We have previously reported an association between low levels of nocturnal oxytocin and severity of bone loss at the spine as measured by DXA in young women with anorexia nervosa (29) . Consistent with these data, we now report robust associations between low levels of oxytocin and impaired bone microarchitecture as well as strength parameters in young normal-weight amenorrheic but not EA. The relationship between oxytocin secretion and bone microarchitecture is most pronounced at the non-weight-bearing radius, where the protective effect of exercise does not play a role. These data support the concept that in the setting of oxytocin deficiency and amenorrhea, the beneficial effects of weight-bearing exercise are diminished.
Limitations of our study include its cross-sectional nature; therefore, causality cannot be established. In addition, our sample size is relatively small, and it will be important to confirm these findings in a larger population. However, despite the small sample size, our findings are consistent and robust. A stricter definition of amenorrhea (e.g. lack of menstruation for at least six consecutive months) and/or inclusion of heavier healthy controls (mean BMI was only 21.6) may have resulted in even greater differences in oxytocin levels and bone microarchitecture. Furthermore, it is possible that oxytocin secretion later in the menstrual cycle, when estradiol levels are higher, is more tightly linked to bone parameters in cycling women. More precise measures of estradiol secretion in EA may be necessary to define the estradiol/oxytocin relationship in that group. Other measures of oxytocin dynamics, for example, assessment of pulsatile secretory patterns using cluster and deconvolutional analyses, may reveal additional differences. Bone parameters are similar but not identical to previously published data due to differences in subject selection based on availability of blood samples for hormone analysis.
In summary, nocturnal secretion of the anabolic hormone oxytocin is decreased in AA compared with NA. In these women, low nocturnal oxytocin levels are associated with impaired cortical and trabecular microarchitecture. This relationship is not present in EA and is strongest at the non-weight-bearing distal radius, a site where the positive effects of exercise on bone are not evident. In stepwise regression models that include known predictors of bone microarchitecture in AA, nocturnal oxytocin accounts for a significant portion of variability in microarchitectural parameters and, along with midnight and 0700 h oxytocin, measures of bone strength. These data are consistent with the hypothesis that oxytocin deficiency in AA may contribute to impaired bone microstructure and strength. Further studies will be important in establishing whether oxytocin agonists alone or in combination with estrogen replacement can prevent or treat bone loss in this population.
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